Introduction
Wood leachate may be generated in woodpiles, log yards, woodwaste piles and the debarking process by precipitation, sprinkling water and process water. Wood leachate is usually dark, acidic, of high oxygen demand and toxic to microorganisms (Field et al. 1988; Tao et al. 2005; Taylor and Carmichael 2003; Taylor et al. 1996; Woodhouse and Duff 2004) . Conventional biological treatment and ozonation are efficient in removing organic matter from wood leachate (Field et al. 1988; Woodhouse and Duff 2004; . Because of lower operating costs and simple management requirements, surface flow constructed wetlands have become attractive alternatives for treatment of wood leachate (Frankowski 2000; Hunter et al. 1993; Masbough et al. 2005; Tao et al. 2006) .
Among the potential treatment mechanisms such as biodegradation, adsorption, volatilization, photo-oxidation and sedimentation, microbial degradation has been proved to be the major mechanism in surface flow constructed wetlands for the removal of chemical oxygen demand (COD), tannin and lignin (T&L) and volatile fatty acids (VFAs) from woodwaste leachate (Frankowski 2000; , Accepted for publication). Benner et al. (1984) confirmed anaerobic lignin degradation in a salt marsh, an acidic freshwater marsh and a mangrove swamp. Due to concerns with the inhibitory effect of the raw leachate on microbial activity, woodwaste leachate was treated in six pilot-scale, vegetated and open-water constructed wetlands after certain levels of dilution with slough water or groundwater (Frankowski 2000; Masbough et al. 2005; Tao et al. 2006) . Inhibitory compounds leaching from plant material (e.g., plant tannins) may have an important influence on bacterial activity in marshes (Moran and Hodson 1992) . However, a lower leachate dilution is preferred to a higher dilution in regard to treatment capacity. A less diluted leachate may also provide the bacteria in constructed wetlands with more organic substrates and electron acceptors. Further studies are needed to determine the optimal dilution factor for treatment of woodwaste leachate in constructed wetlands.
Dilution of woodwaste leachate before discharge to the pilot-scale constructed wetlands in the previous studies (Frankowski 2000; Masbough et al. 2005; Tao et al. 2006) was also intended to maintain healthy aquatic plants. Vegetation provides several benefits for water quality improvement through constructed wetlands (Brix 1997) . Nevertheless, Masbough et al. (2005) observed similar organic carbon removals by vegetated and open wetlands receiving a high VFA influent of woodwaste leachate. Tao and Hall (2004) and Tao et al. (2006) attributed this similarity to the minor role of heterotrophic bacteria attached on emergent plant surfaces relative to planktonic and sedimentary bacteria. Atmospheric reaeration in the open wetlands could offer heterotrophic bacteria more dissolved oxygen and offset the lack of plant surfaces for microbial attachment. During the later phase of the present study, VFAs of the woodwaste leachate decreased to very low concentrations that would favour attached bacteria compared to suspended bacteria (Kjelleberg et al. 1982; Mueller 1996; Tao and Hall 2004; Tao et al. 2006; White et al. 1999) . The effect of vegetation on treatment performance of constructed wetlands fed with a low VFA influent could be different from that of constructed wetlands fed with a high VFA influent.
In order to evaluate the effect of leachate dilution on treatment performance, this study operated four vegetated surface flow mesocosm wetlands with different dilutions of woodwaste leachate over a period of 12 weeks. During another period of 13 weeks, one vegetated mesocosm wetland and one open mesocosm wetland were operated in series with a vegetated mesocosm wetland fed with the raw leachate. The effect of wetland vegetation on treatment of low VFA woodwaste leachate was assessed by comparing the vegetated mesocosm against the open mesocosm. The treatability of recalcitrant woodwaste leachate was diagnosed through the wetland series. Meanwhile, the factors regulating performance of constructed wetlands for treatment of woodwaste leachate were discussed.
Materials and Methods

Experimental Setup and Wetland Operation
Four surface flow mesocosm wetlands were set up outdoors in April 2003 on the south University of British Columbia (UBC) campus, Vancouver, British Columbia, Canada. Each rectangular mesocosm had internal dimensions of 0.36 m wide, 1.98 m long and 0.58 m deep. The bottom and sides were lined with double polyethylene sheets (0.2 mm). A 22-cm layer of sandy loam on the bottom supported the growth of broad-leaved cattails (Typha latifolia). A clear plastic cover was put on a frame over the cattails to shed rainfall from the mesocosms. The system was operated from June to November 2003 for treatment of woodwaste leachate, and then left idle in the winter. From March 25, 2004, the mesocosm wetlands were fed with raw sewage to improve development of cattail shoots for 6 weeks. Water depth was gradually increased to 25 cm as the cattail shoots grew.
The woodwaste leachate in this study was generated by precipitation on an uncovered woodwaste pile, which was located adjacent to the Fraser River in Mission, British Columbia, Canada. The pile was formed over ten years by trimmings, off-specification wood chips, sawdust, and shredded bark and roots from several cedar processing mills. A natural depression beside the pile pooled a fraction of the leachate. The woodwaste leachate was dark, acidic, toxic to aquatic organisms and of high oxygen demand (Tao et al. 2005) . Recalcitrant T&L accounted for 32 to 45% of COD. Woodwaste leachate was collected monthly from the pool and stored in 220-L high-density polycarbonate tanks at 4°C until use.
Woodwaste leachate plus 7 L of sludge (collected in the leachate storing tanks) was directly added to each mesocosm on May 7, 2004 , to provide bacterial seed and bring mesocosm water to the targeted influent T&L concentrations; these were 1200 mg L -1 in mesocosm #1, 800 mg L -1 in mesocosm #2, 400 mg L -1 in mesocosm #3 and 200 mg L -1 in mesocosm #4. Every seven days from May 10, four different strengths of influent were made with the raw leachate and tap water in four 220-L mixing tanks at the dilution factors estimated with the targeted influent T&L concentrations and measured leachate concentration. The influent to mesocosm #1 was either raw leachate or was slightly diluted leachate, depending on the measured T&L concentration of the raw leachate. The most dilute influent (6x to mesocosm #4) was targeted at a T&L concentration of less than 350 mg L -1 tannin solids, which is the 50% inhibitory concentration of bark tannins to methanogens (Field et al. 1988) . The other two dilution factors (2x and 3x to mesocosms #2 and #3, respectively) were set arbitrarily between the raw leachate and the most dilute influent.
The mesocosm wetlands were fed continuously with different dilutions of woodwaste leachate at similar flow rates during the first operating period from May 10 to August 2, 2004 ( Fig. 1 and Table 1 ). Each mesocosm had an outlet located at 4 cm above the soil. The effluent overflowed through an elbow, which maintained the water depth at 25 cm. The cattail stems and roots were removed from mesocosm #3 on August 2, 2004. Mesocosms #2 and #3 were operated in series respectively with mesocosm #1, with each receiving equal amounts of mesocosm #1 effluent during the second operating period from August 2 to November 1, 2004 ( Fig. 1 and Table 2 ).
Field Measurement and Sample Collection
The influent was made on Mondays. Influent pH and redox potential were measured and samples collected in the mixing tanks on Thursdays from May 31 to October 25, 2004. Effluent samples were taken from the mesocosm discharges on Mondays throughout the operating periods, except during the start-up (May 10 to June 13, 2004) and transition (August 2 to September 12, 2004) periods. Mesocosm water was measured for water temperature, dissolved oxygen, pH and redox potential at a water depth of 7 cm in the centre of each mesocosm on the same days as effluent sampling. Influent and effluent samples were collected with 50-mL high-density polyethylene bottles, and stored at 4°C until analysis.
Water temperature and dissolved oxygen were measured with a portable YSI Model 54 DO meter (Yellow Springs Instrument, Yellow Springs, Ohio). A Horiba D-13 US model pH meter (Horiba, Ltd., Kyoto, Japan) was used to measure pH. Redox potential was determined by taking millivolt readings, using the pH meter equipped with a Pt-Ag/AgCl combination electrode (Broadley James Corporation, Irvine, Ca.). Millivolt readings were also taken at the water-sediment interface.
Inflow rate was regulated by a speed control, and checked weekly by measuring the inflow volume over 5 min. Effluent was collected in closed buckets to measure weekly outflow rate. The number of cattails in each mesocosm was counted, whenever there was an apparent change. The perimeter of submerged stems was selectively measured and the average was estimated.
Laboratory Analysis
Standard methods (APHA et al. 1999) were followed for analysis of COD (5220D closed reflux, colorimetric), T&L (5550B Folin phenol colorimetric), ammonia (4500-NH3 H flow injection), nitrate plus nitrite (4500-NO3 -I cadmium reduction flow injection) and orthophosphate (4500-P G flow injection). Flow injection analyses were done on a Lachat Quick-Chem 8000 automatic flow-injection ion analyzer (Lachat Instruments, Milwaukee, Wis.) with absorbance detectors. T&L were analyzed with tannic acid as standards and reported as equivalent tannic acid. The analyses of COD and T&L were not affected by the colour of water samples because the samples were highly diluted with ultra-pure water to bring them within method ranges, 20 to 900 mg L -1 COD and ≤ 8 mg L -1 tannic acid. VFAs were analyzed by gas chromatography (HPGC 5880A; Supelco, Inc. GC Bulletin 751G). The GC method quantified acetic, propionic, iso-butyric, butyric, valeric and hexanoic acids. 
Data Processing and Statistical Analysis
Nominal hydraulic retention time was estimated with void fraction, mesocosm width and length, water depth and weekly measurements of inflow and outflow rates. Void fraction was calculated with mesocosm length and width, water depth and the volume of submerged cattail stems. The volume of submerged stems in each mesocosm wetland was estimated with water depth, average perimeter of submerged stems and the number of cattails, assuming cylindrical submerged cattail stems. The large difference between inflow and outflow rates (Fig. 1) due to evaporation and transpiration during the long hydraulic retention times required this study to employ a mass-based approach to derive treatment performance as follows:
), Qe is outflow rate (m 3 d -1 ) and V is water volume of mesocosm (m 3 ). In the calculations with equations 1 and 2, an effluent sample was matched with the influent sample collected close to one hydraulic retention time ago.
The differences in operating conditions and performance between mesocosm wetlands were assessed by single-factor ANOVA. The least significant difference (LSD) was calculated to identify which two mesocosms were significantly different (Townend 2003) when comparing the mesocosm wetlands during the first operating period. The Bonferroni method was used to correct the significance level for multiple comparisons. Differences were considered significant at a P ≤ 0.05.
Results and Discussion
Loading and Operating Conditions
Each mesocosm wetland had 28 to 41 emergent plants in July and 46 to 51 in October 2004. The vegetated mesocosm wetlands had similar void fractions, ranging from 0.96 to 0.98. Water temperature of the mesocosm wetlands during the first operating period from May 10 to August 2, 2004 (18.1-18.4°C), was higher than that during the second operating period from August 2 to November 1, 2004 (11.3-11.7°C ). The open mesocosm wetland (#3) during the second period was aerobic, with dissolved oxygen concentration at 1.4 ± 0.4 mg L -1 on average. The bulk water in all of the vegetated mesocosm wetlands had low average concentrations of dissolved oxygen (0.4-0.6 mg L -1 ). The low concentrations of dissolved oxygen were likely caused by suppressed photosynthesis due to the dark colour of woodwaste leachate and the high influent oxygen demand (Tables 1 and 2 ). There was no significant difference (P = 0.55-0.96) in redox potential among the mesocosm wetlands during the two periods. However, redox potential was apparently lower in surface sediment (-6 to 79 mV) than in the water column (211-236 mV) and influent (206-271 mV) . Tables 1 and 2 summarize the operational parameters during the two operating periods, respectively. Influ- The influent concentrations of COD and T&L were relatively constant over time for the individual mesocosm wetlands (Tables 1 and 2 ), with coefficients of weekly variation of 6 to 21% for COD and 5 to 13% for T&L. A substantial decrease of VFAs and increases of ammonia and orthophosphate occurred in the woodwaste leachate in June and July 2004 (Tao et al. 2005) , resulting in great temporal variations in influent VFAs and nutrients during the first operating period ( Table 1) . The influent COD and T&L concentrations of mesocosm #1 during the second period were close to those of mesocosm #2 during the first period.
Effect of Leachate Dilution on Treatment Performance
Similar water temperatures, dissolved oxygen concentrations, redox potentials, numbers of emergent plants and hydraulic retention times across the wetlands allowed an assessment of dilution effect on treatment performance by comparing the mesocosm wetlands during the first operating period.
During the first operating period from May 10 to August 2 in 2004, influent pH was similar (P = 0.90) in the mesocosm wetlands (Table 1) . Mesocosm water had pH values higher than the associated influent (Table 1 ). The pH difference between mesocosm water and influent increased with increasing influent VFA concentrations. The pH increases were likely due to VFA removal. Because of the very low effluent VFA concentrations except mesocosm #1 effluent during the first operating period (Table 1) , reduction efficiency and reduction rate could not reveal the effect of leachate dilution on VFA removal. Therefore, treatment performance of the mesocosm wetlands was not estimated for VFAs.
During the first operating period, significantly different dilutions of leachate (P = 0.00-0.02) were applied to the mesocosm wetlands. COD and T&L reduction rates increased positively with influent concentrations (Fig. 2) . Mesocosm #1 that was fed with the least diluted leachate had significantly higher COD and T&L reduction rates (P < 0.01, LSD = 41 g m -3 d -1 for COD and 6 g m -3 d -1 for T&L) than the other three mesocosm wetlands. The increased reduction rates through mesocosm #1 were likely due to its high influent VFA concentration and particularly the remaining VFA concentration in the effluent relative to the other mesocosms (Table 1) . VFAs, which are readily available bacterial substrates, have been identified as one of the major factors controlling heterotrophic activities in constructed wetlands treating woodwaste leachate (Tao and Hall 2004; Tao et al. 2006) .
Mass reduction efficiency, as defined in equation 1, varies negatively with loading rate and positively with reduction rate. Because of increasing loading rates accompanying increasing influent concentrations, COD and T&L reduction efficiencies typically decreased with increasing influent concentrations except for mesocosm #1 (Fig. 3) . The higher reduction efficiencies of mesocosm #1 were probably caused by its significantly higher reduction rates (Fig. 2) . Investigation into the relationship of treatment performance and supplementation of bacterial substrates like VFAs shall generate profound implications to treatment of low VFA woodwaste leachate.
Effect of Vegetation on Treatment Performance
The effluent of mesocosm #1 provided mesocosms #2 and #3 with little VFAs during the second operating period ( Table 2 ). The vegetated mesocosm (#2) and open mesocosm (#3) had the same influent and similar water temperatures, redox potentials and hydraulic retention times. The difference between the vegetated mesocosm #2 and open mesocosm #3 reflected the effect of vegetation on treatment of recalcitrant woodwaste leachate. There were no significant differences between the two mesocosm wetlands ( Fig. 4) in COD and T&L reduction rates (P = 0.58 and 0.66) and reduction efficiencies (P = 0.46 and 0.59). There was no significant difference in pH increase between the two mesocosm wetlands (P = 0.59). Insignificant effect of vegetation was also reported for treatment of high VFA woodwaste leachate in pilot-scale constructed wetlands Tao et al. 2006) . Similarly, subsurface flow constructed wetlands without plants performed better than, or as well as, those with plants in some cases for treatment of high-oxygen-demand wastewaters (e.g., Baptista et al. 2003; Liehr 2000) .
More than 98% of solids and COD in the woodwaste leachate were soluble (Tao et al. 2005) . Performance could not be improved by means of sedimentation and flocculation in vegetated constructed wetlands. Previous studies (Tao and Hall 2004; Tao et al. 2006) indicated that bacteria attached on emergent plants usually played a minor role in the overall heterotrophic activities in comparison to the bacteria in water and sediment of pilot-scale constructed wetlands treating woodwaste leachate. Moreover, emergent plants minimize the concentration of dissolved oxygen by restraining atmospheric reaeration at the water-air interface. Bezbaruah and Zhang (2005) found very little oxygen released from bulrush (Scirpus validus) roots, 2.3 mg O2 m -2 wetland surface d -1 , compared to the oxygen demand of treatment wetlands. The open mesocosm wetland had a significantly higher concentration of dissolved oxygen due to atmospheric reaeration. The insignificant difference in treatment performance between the vegetated and open mesocosm wetlands suggested that the tradeoff between bacterial attachment on plant surfaces and restrained surface reaeration due to vegetation was not significant.
Factors Regulating Treatment of Woodwaste Leachate in Wetlands
Influents to the mesocosm wetlands had low concentrations of inorganic nitrogen and phosphorus relative to the oxygen demand. However, little loss or net gain of inorganic nutrient mass through the mesocosm wetlands (Table 3 ) implied insignificant nutrient limitation for microbial degradation of the woodwaste leachate. In constructed wetlands treating secondary sewage effluent, bacterial growth rates were not correlated to nutrient loadings, while the population structure changed markedly to adapt to the nutrient conditions (Flood et al. 1999) .
Due to the volume reduction effect of transpiration and evaporation through the long hydraulic retention times, the less efficient mesocosms #2 and #3 had effluent COD and T&L concentrations higher than influent concentrations (Table 1) during the first period with higher water temperatures. Despite the low mass reduction efficiencies (Fig. 3 and 4) , the constructed wetlands 330 Tao et al. were reasonable alternatives for treatment of woodwaste leachate in regard to its recalcitrance. The theoretical oxygen demand of recalcitrant T&L accounted for 39 to 47% of COD in the influents and 40 to 53% in the effluents of the mesocosm wetlands. The theoretical oxygen demand of VFAs comprised only 0 to 4% of influent COD and <1% of effluent COD. The recalcitrance of woodwaste leachate requires a long exposure time for bacteria to break down the contaminants such as T&L. Mesocosm #1 with a hydraulic retention time of 12 d was less efficient than the following mesocosms #2 and #3 with a hydraulic retention time of 29 d during the second period (Fig. 4) .
Based on the performance of the mesocosm wetlands during the second operating period (Fig. 4) , it was estimated that the overall mass reduction efficiency was 29% for COD and 27% for T&L through a 2-stage wetland series from wetland with HRT of 12 d to wetland with HRT of 29 d. Although the second stage of wetlands with HRT of 29 d attained lower reduction rates than the first stage of wetland with HRT of 12 d (Fig. 4) , it appears that constructed wetlands in series can provide woodwaste leachate with long exposure time to approximate plug-flow regime for removal of recalcitrant constituents.
Reduction efficiency for COD and T&L varied with influent strength (Fig. 3) and hydraulic retention time (Fig.  4) of the mesocosm wetlands. At an influent COD concentration similar to that of mesocosm #3 during the first period, Hunter et al. (1993) found a COD reduction efficiency of 29% in small-scale constructed wetlands treating wood leachate at a hydraulic retention time of 10 d, higher than that in mesocosm #3 (15%). Tao et al. (2006) reported a similar T&L reduction efficiency (12-18%) and higher COD reduction efficiency (23-29%) through pilot-scale constructed wetlands with similar hydraulic retention times at an influent COD concentration similar to, and VFA concentration much higher than, mesocosm #3 during the first period. The greater availability of bacterial substrates with a high VFA influent may offset its inhibitory effect on microorganisms.
Conclusions
The woodwaste leachate can be treated without dilution in surface flow constructed wetlands for removal of organic carbon. Nevertheless, further studies are needed to determine the inhibitory effect of a wood leachate with T&L and VFA concentrations higher than the raw leachate used in the present study.
Emergent plants made little difference in performance for treatment of woodwaste leachate. Improved surface reaeration in open wetlands may compensate for the lack of plant surfaces for microbial attachment.
More COD and recalcitrant T&L were removed through constructed wetland series, compared to single wetland cells. However, the effluent was concentrated due to evaporation and transpiration during long hydraulic retention times. Supplementation of bacterial substrates like VFAs to wetlands in series may increase mass reduction rate for COD and T&L in low VFA woodwaste leachate. 
